As the first part of an ongoing study on heat flux and abation on hypersonic vehicles, a material response implicit solver with solid ablation and pyrolysis is developed. As a first step, code-to-code validations and comparisons with experimental data are performed. A study of the various effects of pyrolysis gas within an ablator is also performed; using realistic re-entry conditions on a generic carbon-phenolic ablator, conditions for non-Darcian behavior are modeled, suggesting the use of Forchheimer's Law to calculate gas velocity. The necessary conditions required for kinetic energy to be relevant are also highlighted. The code is then coupled to LeMANS, a CFD solver for the simulation of weakly ionized hypersonic flows in thermo-chemical non-equilibrium developed at The University of Michigan. A summary of the coupling validation is presented. All results show good agreement with published numerical results or analytical solutions.
I. Introduction
The Thermal Protection System (TPS) of a re-entry vehicle is one of the key components of its design. The material used for the TPS can be classified into two main categories: ablative materials, as in the one used on Apollo missions, and non-ablative materials, such as the ceramic tiles used on the space shuttle. The former can also be divided into two sub-categories: charring (also know as pyrolyzing) and non-charring ablators. The theory behind the use of ablators is quite simple; the energy absorbed by the removal of material from the surface is not used to heat the TPS, thus keeping the vehicle at a reasonably "cold" temperature. In the case of charring ablators, the ablative material is a resin which fills the pores of a carbon matrix. Although the matrix might ablate, it usually does not, thus preserving the original geometry of the aerodynamic surface during re-entry.
In order to correctly model the pyrolysis process, the gas generated from resin vaporization must be properly taken into account. Because this gas is expelled into the outer flow boundary layer, its effects are important in many aspects of re-entry modeling, such as carbon ablation, blowing effects in the boundary layer, chemical reactions with the surface, heat load, etc. The pressure of the gas within the ablator is also an important factor to take into account; if the pressure is too high, chunks of the ablator may "explode" without absorbing the expected amount of heat. This process, called spallation, may cause unwanted surface modifications and faster carbon ablation than anticipated, and thus may lead to the failure of the TPS.
As the first steps on an ongoing project on the modeling of heat transfer and ablation on hypersonic vehicles, such as re-entry capsules, the present study outlines different aspects of the importance of pyrolysis gas modeling. To do so, a thermal response code, named MOPAR, has been developed. First the governing equations describing the phenomenon are presented, and the code is validated against experimental data. Using realistic re-entry conditions, the code is also compared to the published results of other thermal response codes. Using the latter test-case, the contribution of the kinetic energy is outlined, and conditions where this contribution may be relevant are discussed. For the same test-case, evidence of a non-Darcian flow regime is shown, and the use of Forchheimer number to categorize the flow type is proposed.
in order to fully assess the effects of material response on the flow field, and vice versa, the code is linked to the hypersonic viscous flow solver LeMANS. To validate the coupling method, a series of verifications are presented, showing excellent agreement to analytical solutions, empirical relations and other published data. Finally, in order to demonstrate the capability of the new coupled code, a simulation of a generic re-entry of the IRV-2 vehicle is presented, first using a surface ablator, and then a charring ablator.
II. MOPAR: Material response code

II.A. Governing equations and numerical scheme
The material response code presented here is based on a code developed at Sandia National Laboratory using a Control Volume Finite-Element Method (CVFEM). [1] [2] [3] [4] [5] The code can be used to model surface ablation with wall recession, as well as inner decomposition and pyrolysis gas behavior. The problem is described by the following four governing equations:
Mixture Energy Equation
Solid Phase Equation
Gas Phase Continuity Equation
The first two equations are solved implicitly on an arbitrary contracting grid using Landau coordinates. Newton's method for non-linear systems is used to solve both equations sequentially. The third equation is straight forward, and does not need to be solved numerically. As for the last one, it is averaged to Forchheimer's Law, explicitly solved for v g and directly integrated in the gas-phase continuity equation. The complete numerical treatment, as well as the numerical validations, are described in greater detail in Ref. 4 . In addition to the improvement discussed in this paper, the present code also takes into account variable coordinate systems (cylindrical and spherical), as well as allowing ablation on both sides of the domain, using a new tri-diagonal solver. 
II.B. Model Validation
All the numerical validations presented in Ref. 4 are performed successfully on the code. This insures that MOPAR is coded properly and that the expected convergence behavior is respected. Since these results are exactly the same as those published in the reference, and since they serve no purpose in the context of this paper, they are omitted here. Two other validations are however presented: they demonstrate the validity of the code as a model.
Code-to-Code comparison
The first validation compares the present code to the one developed at Sandia National Labs Ref. 4 , which was extensively compared to the old CMA code 7 as well as Sandia's SODDIT. 8 The simulation is performed using solid and gas properties given in Ref. 4 , as are the re-entry conditions used on the ablative surface, shown in Fig. 1 . Hot wall and blowing corrections are applied to the incident aeroheating flux; thermalradiation cooling is also used. The calculations are performed on a 50 element logarithmic grid, with a 1.01 progression, over a 1.27 cm domain, using time steps of 0.2 s. The thermochemical table is generated using ACE-SNL. Figure 2 presents the comparison of this validation for surface temperature and surface recession. As expected, the surface temperature from both simulations agree quite well. The discrepancy that occurs at the end of the simulation is due to the fact that the precise re-entry conditions could not be obtained. As for the surface recession, the discrepancy is solely due to the fact that different thermochemical tables are used. Because of this, the general agreement of both curves is considered satisfactory.
Comparison to experimental results
The second validation presented here compares the code to two experiments. 10 For these test-cases, a 1.27 cm carbon-phenolic material is exposed to an air arc-jet flow for which the parameters are listed in Table 1 . The calculations are performed on a 150 element logarithmic grid, with a 1.01 progression, using a constant time marching of 0.1 s. A blowing correction as well as a hot wall correction are applied to the incident heat flux. Solid and gas properties used in this simulation are the same as those given in Ref. 10 , except for the pyrolysis gas, which uses data from Ref. 11, and porous parameters φ and K, which are taken from Ref. 4 . For the ablation model, the generic thermochemical carbon-phenolic ablation table obtained from Ref. 4 is used. Since the code is designed to have the heat transfer coefficient as an input, and not the heat flux, the specified conditions cause problems. The equation that links the heat flux to the heat transfer coefficient is:
C e = ρ e u e St = q H r − h w Therefore, to apply the correct boundary conditions to the surface, the recovery enthalpy and the enthalpy at the wall must be known. The first of these quantities can be approximated to the stagnation enthalpy, but the other is only known when the ablation model (i.e. thermochemical table) is evaluated. In order to correct this problem, the code is initially run with a C e calculated using a wall enthalpy of zero. After this initial run, the computed wall enthalpy is used to calculate a new C e , which is used for another run. The code iterates over the trajectory until a converged value for the wall enthalpy is obtained. The graphs of Fig. 3 show the comparisons for surface and back temperature, surface recession and pyrolysis front recession. For both test-cases, the computer prediction is well within the acceptable ranges of the experimental results. The discrepancies can be attributed to the generic carbon-phenolic thermochemical table, as well as a slightly different pyrolysis gas.
Because the exact method used to experimentally measure the pyrolysis front is not described, a value of 50% of resin has been chosen as the approximation of the char/virgin interface. This choice is justified by the fact that the pyrolysis front is quite steep, as illustrated in Fig. 4 , and that Arrhenius-type relations are used to describe the chemical decomposition. As mentioned in Ref. 10 , the discrepancy between the simulation and the experimental results, as far as the recession rates are concerned, is caused by the fact that the cool down period is not taken into account. This cool down period is simulated by simply setting the heating boundary conditions to zero, and only using re-radiation as the cooling mechanism. As in Ref. 10 , it was observed that in both cases, the pyrolysis front kept on going, reaching the back surface at approximatively 75 seconds for the first test-case, and 42 seconds for the second one. In reality, the test pieces were quenched by argon right after the arc-jet exposure, in an attempt to stop the chemistry as soon as possible: since no exact description of the process is available, it is not possible to produce an accurate cool down model.
The discrepancy on the surface ablation front is, obviously, not caused by the cool-down since ablation immediately stops after exposure, and the simulation over predicts the distance. This difference can be attributed to two reasons: first, the empirical thermochemical tables used are not generated for the specific carbon-phenolic material of the experiment (Narmco 4028). Also, thermal expansion of the test-pieces was observed, and is not included in the present model. Depending on the type of material, as well as the fiber's orientation, this process might not necessarily be reversible, thus causing variations in the thickness that could potentially cancel the effect of ablation front measurements.
II.C. Kinetic Energy
In order for the governing equations to be rigorous, the kinetic energy must be included in the Mixture Energy Equation, Eq. (1). Kinetic energy is added in the time-dependent energy content term (first term), the gas flux term (second term) and the grid convection term (fourth term). The contributions in the control volume are:
Energy Content TermẼ
In the re-entry test case described in the previous section, the addition of these terms has little to no effect on the final results, thus validating their omission in most Thermal Response codes (CMA, 7 Sandia National Labs, 2 FIAT; 12 however SCMA, 13 in its latest version, uses these contributions). As seen in Fig.  5 , the difference between the kinetic terms and the other terms is several orders of magnitude. It is to be noted that depending on the charring material used, these effects may start to appear. A material with a very high rate of decomposition, as well as high porosity, may lead to higher gas velocity. With a simple correlation using the velocity shown in Fig. 6 , it is possible to estimate that a gas velocity of the order of 100 m/s (i.e., an increase of one order of magnitude) would allow the contributions shown in Fig. 5 (b) to register in Fig. 5(a) .
II.D. Forchheimer's Law
In other works, either Darcy's law 2 or Forchheimer's Law 7, 13 is used to calculate the velocity of the gas within the ablator. The choice of the law is somewhat unclear as it is correlated to the Reynolds number. As pointed out in Ref. 14, there is enormous disagreement on the conditions where a flow is not described by Darcy's equation. Usually, the Reynolds number based on pore length is used to describe this condition. However, since this number describes microscopic effects, it is inappropriate to validate the use of a law describing macroscopic effects; all attempts to do so are based on different interpretations as to what should be the characteristic length used. To better address this problem, a new formulation of Forchheimer's Law was recently proposed. 15 In Cartesian geometry, this equation is:
where Fo, the Forchheimer number, is given by:
This number indicates when microscopic effects (pore-size) are perceivable at a macroscopic (geometry size) level. In this formulation, it is easy to see that when Fo 1, the equation simply reduces to Darcy's law. Therefore, it is more logical to use the Forchheimer number to predict non-Darcian flow, and thus more rigorous to use Forchheimer's law in the code.
The law can be derived from the momentum equation, using averaging methods: One can also obtain the same results by simply dimensionalizing the equation of momentum, replacing the spatial derivative by the inverse of the square root of the permeability K and the velocity by the superficial velocity v g . As for the parameter β, it may be obtained experimentally if the pore configuration of the material is unknown. Figure 6 (a) shows the difference in gas velocity for both methods, for the case of the re-entry simulation presented earlier, at t = 25 seconds. Figure 6 (b) shows the Forchheimer number for different times during the whole simulation. As seen, the value of Fo is of the order of 0.01; by inserting this value in Eq. (5), it can be seen that the effects, although small, are non-negligible. Although many studies have been performed [17] [18] [19] on the behavior of pyrolysis gas, none account for the possibility of β being a significant factor. A simple parametric study allows one to see that even though there is little to no effect on the temperature of the material, other quantities such as velocity, density and, obviously, pressure are greatly affected. The graphs of Fig. 7 show the behavior of the pyrolysis gas at the 30 s re-entry point of the generic trajectory used in the previous section. It can clearly be seen that as soon as Forchheimer's number becomes greater than 1 (β K = 30), notable effects appear. Given that spallation has been observed 10 in many materials considered for re-entry systems, it is therefore important to take these effects into account. It is clear that such a Ahigh pressure zone as the one that appears near the wall-flow boundary will cause spallation.
The main obstacle in using Forchheimer's Law remains the knowledge of parameter β. Ergun 20 linked that parameter to 1/ √ K. It is interesting to note that with that definition, the Forchheimer number becomes:
which is basically Reynolds number defined with a characteristic length of √ K and multiplied by the experimentally defined parameter β K . For carbon-phenolic, the latter has been evaluated as 1.222.
13, 21
In order to obtain values for β or β K , the experimental setup and method of Ref. 14 could be used. With this methodology, already published experimental data [22] [23] [24] could easily be employed to calculate β for two frequently used charring ablators, PICA and SIRCA. However, other experimental values, notably the length of the test pieces and pressure at both ends, would have to be known. It is also important to point out that the deviation from Darcy's Law presented in Ref. 22 , the sometimes called "Klinkenberg model", is not in any way related to the additional effects contained in Forchheimer's Law. While the latter takes into account high velocity effects, the former models the slip-flow hypothesis of the gas within porous media. The relation used to calculate permeability is
In this equation, permeability coefficient b is a function of the gas composition, unlike K 0 , the permeability in the no-slip regime, which is only material dependent. It is also to be noted that both these parameters are also found experimentally.
III. Coupling with a flow solver
III.A. The hypersonic CFD code LeMANS
In order to more accurately investigate the effects of the flow field on the material, it is necessary to couple the material response to a Navier-Stokes solver. LeMANS is a finite volume Navier-Stokes solver currently being developed at The University of Michigan. [25] [26] [27] [28] The code assumes that the rotational and translational energy modes of all species can be described by a single temperature T , and that the vibrational energy mode of all species and the electronic energy can be described by a single temperature T v . The latter is computed using the species vibrational energy, modeled as a harmonic oscillator. The viscous stresses are modeled assuming a Newtonian fluid, using Stokes hypothesis, and the species mass diffusion fluxes are modeled using a modified version of Fick's law. Mixture transport properties are calculated using one of two models; the first uses Wilkes semi-empirical mixing rule with species viscosities calculated using Blottner's model and species thermal conductivities determined using Eucken's relation. The other uses Gupta's mixing rule with species viscosities and thermal conductivities calculated using non-coulombic/coulombic collision cross section data. As for the heat fluxes, they are modeled according to Fourier's law for both temperatures. Finally, the source terms of the species conservation equation are modeled using a standard finite-rate chemistry model for reacting air in conjunction with Park's two-temperature model to account for thermal nonequilibrium effects on the reaction rates.
Numerically, the code has the capability to handle meshes containing any mix of hexahedra, tetrahedra, prisms and pyramids in 3D or triangles and quadrilaterals in 2D. Numerical fluxes between the cells are discretized using a modified Steger-Warming Flux Vector Splitting which has low dissipation and is appropriate to calculate boundary layers. A point or line implicit method is used to perform the time integration, and the calculation can be performed efficiently over a large number of parallel processors. The code has been extensively validated against experimental data, and has also been compared to similar codes such as NASA Ames' DPLR 29 and NASA Langley's LAURA.
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Blowing boundary conditions
Because of the coupling, ablation is added to the CFD code; therefore, a modification to the surface boundary condition is necessary. In order to implement the blowing boundary condition, the first cell near the blowing wall is used as a control volume. 31 The physical values that need to be imposed at the wall are the temperature T w , the blowing mass flow rateṁ w = ρ w v w and the species mass fraction Y wi . The conservation of momentum is applied using both the perpendicular face or the cell, assuming that the flow is only perpendicular to the surface:
Using the perfect gas relation at the wall, the equation can be rearranged to obtain the primitive variables:
Once these values are computed, the conservative quantities in the ghost cells of the boundary are set such that the flux across the wall is the required blowing flux. This blowing boundary condition has been tested over a wide range of blowing rates, assuring the robustness of the implementation. Following the methodology for the verification and validations of NASA Ames' DPLR code 32 and NASA Langley's LAURA code, 31 the blowing boundary of LeMANS is also verified and validated.
Blasius analytical solution
As a first verification, a simulation of the Blasius analytical approximation for a flow over a flat plate with blowing and suction is performed. In this approximation, the analytical solution is obtain by solving
The mass flow rate is imposed directly in LeMANS, using the following relation:ṁ
In order to insure that no perturbation arises from the inlet and outlet boundary conditions and that the flow is allowed to fully develop after and before the 1 m flat plate, a large computation domain of 10 m in all directions is used. The free stream conditions are set to normal pressure and temperature, at a velocity of Mach 0.3, which is the limit of the incompressible flow assumption, and therefore, the limit of the Blasius solution. Figure 8 
Crawford and Kay's blowing correction on heat transfer
To take into account the heat flux reduction caused by the blowing in the boundary layer, Crawford and Kays 34 established a simple relation:
which was later extended to include the fitting parameter λ:
where
is the non-dimensionalized blowing rate, calculated using the Stanton Number St = q ρ e u e (H r − h w )
The parameter λ usually takes the value of 0.4 for laminar flow, and 0.5 for turbulent; however, it has recently been established that these values are not accurate in multiple regimes. 32 Nevertheless, the equation can be used to validate the general trends of the heat flux. In order to do so, four different Couette flow test-cases are run; the detailed conditions of each simulation are presented in Table 2 . As can be seen in Figs. 9 and 10, the simulation results obtained with LeMANS agree with the empirical relation for all cases. However, it is to be noted that none of the simulations have a close fit to the α = 0.4 analytical solution: 0.5 and 0.6 are a better match for subsonic flow, and 0.3 for supersonic. It is also interesting to note the difference in the general trend of the curves for the subsonic and supersonic regimes. Table 2 III.B. Thermal response coupling
Because re-entry simulations are being performed by computing steady-state solutions at multiple points of a discretized trajectory, it is possible to directly integrate the thermal response code in the boundary condition subroutines of LeMANS, and thus take advantage of the implicit nature of the code as well as the aggressive CFL ramping. The method used is similar to the one described in Ref. 35 , and is illustrated in Fig. 11 . Since MOPAR is 1-D, normal solution lines within the wall are traced at each boundary cell, and are computed sequentially. Because there is no need to compute the material response at every flow field iteration, MOPAR is called at a pre-fixed number of iterations. To optimize the coupling method, a sensitivity study will be made in order for the code to automatically decide when thermal response coupling is necessary. It is to be noted that since the flow field chemistry of LeMANS has yet to be implemented, the mass fractions, even if they are computed, are not used for the surface composition. The code used for that calculation is IAPETUS, and was originally developed for the computation of thermal properties in high temperature flows. [36] [37] [38] [39] In order to speed-up convergence, the convective heat flux used in MOPAR is adjusted using a hot-wall correction:
The use of this correction speeds up the convergence of the wall temperature and ablation rates, therefore not affecting the convergence of LeMANS. Figure 12 shows a comparison between the convergence history Table 2 Flow field
MOPAR IAPETUS
In addition to the improvement on the momentum equation, 5 the present code also takes into ac variable coordinate systems (cylindrical and spherical), as well as allowing ablation on both sides o domain, using a new tri-diagonal solver. 6 III. LeMANS: an unstructured tridimensional Navier-Stokes solver for hypersonic nonequilibrium aerothermodynamics
LeMANS ("Le" Michigan Aerothermodynamics Navier-Stokes Solver) is a finite volume Navier-S solver currently being developed at the University of Michigan.
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IRV-2 test-case
In order to validate the coupling between MOPAR and LeMANS, the well documented 31, 35 re-entry simulation of an IRV-2 vehicle is performed. The freestream conditions used in the discretized trajectory are presented in Table 3 , and the material properties are set to generic non-charring carbon, using the properties given by Ref. 4 . The ablation rates are interpolated from thermochemical tables generated by ACE-SNL 9 for carbon in air. Re-radiation is also included at the boundary. Examples of the coupled results are presented in Fig. 14 , and the temperature at the stagnation point for the whole re-entry trajectory is shown in Fig. 13 . The results are in the same range as those published in the literature; the discrepancy is due to the lack of proper chemistry model and moving mesh in the flow field. It is to be noted that the overvaluation in the first part of the trajectory, as well as the smoothness of the curve, is due to the fact that the whole material response surface history is plotted, as opposed to only the value at the discretized trajectory points. In general, the coupled algorithm proves to be fast and robust for all the trajectory points.
Finally, in order to demonstrate the capabilities of the coupling method, the same trajectory is run using carbon-phenolic material as the ablator. The solid properties used for this calculation are the same as the first validation. Because MOPAR is called several times during the simulation, the wall enthalpy iterative Table 3 ,with carbon-phenolic as material process described in II.B is performed over the whole calculation, and not at each MOPAR call. Figures 15  and 16 shows the results for the temperature and the degree of char for trajectory points 2 and 3 of Table  3 . It is interesting to compare Figs. 15 and 14: it can be clearly seen that the carbon-phenolic is able to sustain the heat without ablating. Also, the absorbed heat does not penetrate into the wall as much as for regular ablating carbon; this translates into a cooler, undisturbed, inner temperature.
IV. Conclusion
As part of a continuing project to improve heat and ablation rate modeling on re-entry vehicles, a onedimensional material response implicit solver that includes pyrolysis and surface ablation has been presented. The new developments can now show a more precise contribution of the pyrolysis gas to the behavior of the Thermal Protection System (TPS). More specifically, the usage of the Forchheimer number as an indicator of non-Darcian flow behavior has been highlighted. The code has been validated using experimental data, and code-to-code comparison. Finally, the evidence of non-Darcian behavior has been shown using a simple re-entry trajectory with a generic carbon-phenolic ablator.
Most importantly, the material response code was iteratively coupled to the hypersonic CFD code Le-MANS. Verifications of the blowing boundary condition were presented, using two semi-analytical cases. The first, based on the Blasius solution of the boundary layer problem, shows excellent agreement with the simulation results. The second, based on Crawford and Kays' blowing correction, also produces good results; the previously discussed problem with the fitting parameter λ was also observed. As a first step towards the validation of the coupling algorithm between the flow solver LeMANS and the material response code MOPAR, the simulation of the re-entry trajectory of an IRV-2 vehicle was presented. The numerical results are within the expected range, and the coupling method used shows robustness and efficiency during the simulation.
This paper presents the first steps towards the development of an accurate model for flow-solid thermal interactions. Even if in its current state, it shows excellent results, more features should be added. First, the outer flow chemistry model needs to be modified to add the possible chemical reactions of the pyrolyzing and ablating gases with the atmosphere. Also, an interactive moving grid subroutine needs to be added to the coupling mechanism to account for the wall recession in the flow field calculation. Last, but certainly not least, an ablation model that accounts for surface chemistry without relying on thermochemical tables 41, 42 should be added to increase the accuracy of the overall model. As for the modifications of the thermal response code, a spallation model 43 can be added to account for high pressure rises.
